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ABSTRACT
Mining operations in arid regions of Western Australia are faced with many
environmental management issu;'!s. One such issue ~ the disposal of mine water to the
environment. Mine water is commonly discharged to nearby salt lakes under licence by
the Department of Environmental Protection. Licence conditions dictate that the
dischar~e

water and the receiving environment be monitored to allow impacts on the

environment to be detected.

Salt lakes are associated with vegetation communities dominated by halophytic
members of the Chenopodiaceae, While these plants are tolerant of salinity extremes, the
germination stage of many species requires periods of lowered salinity. There is

therefore potential for the recruitment stage of these vegetation communities to be
affected by the discharge of hypersaline mine water.

At Lake Austin, Big Bell Gold Operations discharge hypersaline mine water to this
saline wetland system. This study has investigated whether this discharge has had an
impact on the fringing vegetation of the lake. Secondly, the vegetation dynamics of the
fringing vegetation have been investigated during a flood/drought cycle between 1998
and 2002 with the aim of increasing our understanding of these communities.
Using an existing monitoring program established by the Centre for Ecosystem
Management (CEM) in 1998, as well as twenty additional sites surveyed in 2002, soil
and vegetation parameters were measured and assessed to test for evidence of an impact
from the discharge of hypersaline mine water. A glasshouse experiment inundated soil
samples from discharge and non-discharge zones with water of varying salinity to test
for difference in seed germination between treatments and between zones.

Halosarcia fimbriata, H. halocnemoides {form a), and H. pruinosa (form a) were
dominant in the communities found at Lake Austin. Very few significant differences
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were found in changes of soil and vegetation parameters between location (discharge
versus non-discharge sites) and/or time (1998, 2000 and 2002). The discharge water is
linked to changes in soil pH and possibly soil salinity, however, there appears to be no
impact on the vegetation. A number of explanations are given as to why an impact on
the vegetation was not detected, including a lack of statistical power.

The vegetation dynamics are described in relation to the flood/drought cycle experienced
between 1998 and 2002. There are links between seed germination, seedling growth and
subsequent structure of the Halosarcia fimbriata community and flooding frequency,
depth and duration.

There are three main management implications that have arisen from this study. Firstly,
the samplinf; effort needs to be increased in order to be confident that significant
differen<Y.;s will be detected, if indeed there are any. Secondly, further investigation of
the vegetation dynamics is required to enhance impact mitigation and minimisation
strategies. Finally, an engineering solution is suggested to prevent discharge wa·,er from
coming into contact with fringing vegetation.
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CHAPTER 1- INTRODUCTION
1.1 Background
1.1.1 Mining in arid climate areas of Australia
The geological and climatic history of Australia has meant that some of the driest parts
of the continent are also the richest in mineral resources (Beard, 1976). This
combination of mineral resources and an arid climate has given mining operators in
these regions some unique environmental management issues to deal with.

There are presently 66 operating gold mines in Western Australia (MINED EX, 2002). In
the 2001/02 financial year total gold production was estimated at 192.7 tonnes with an
export value of $2.7 billion (DMPR, 2002). The mining industry has recognised the need
for good environmental management and the Department of Mineral and Petroleum
Resources (DMPR) awards the Golden Gecko Awards annually in recognition of
achievements in environmental management. There are several guidelines developed for
managing environmental impacts, including Guidelines for mining in arid environments
(DME, 1996).

There are a number of environmental impacts typically associated with mining
operations (DME, 1996). Land clearing is conducted for the creation of open cut pits,
tailings storage facilities, evaporation ponds, road building and construction of
processing mills. Tailings storage and waste rock dumps require rehabilitation, and the
use and disposal of processing chemicals and petroleum products also presents particular
environmental management issues. Impacts and management actions are not limited to
the immediate mine area. A good example of this is the disposal of mine water.
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1.1.2 Mine dewatering
The extraction of metal and mineral resources involves open-cut or underground mines
(Farrell and Kratzing, 1996). Access to mineral bearing· ore is often gained through open
cut pits or underground shafts. Interception of the water table, groundwater seepage,
surface runoff and/or rainfall will lead to the need for the continual removal of excess
water, often termed dewatering (Farrell and Kratzing, 1996; Water and Rivers
Commission, 1999). To allow for the extraction of ore, groundwater levels around an
operation need to be kept lower than the floor of the pit by using underground pumps
and pumps in the bottom of the pit. The removal of ground water from the immediate
area is termed mine dewatering, and the water product is often termed dewater or mine

water.

There are several options for dealing with mine water (McQuade and Riley, 1996; Water
and Rivers Commission, 1999). Where the water quality is adequate, mine water can be
recycled or recirculated into the processing system. This is a common use for water in
arid parts of the State where fresh water is at a premium and is required for the
processing of ore. Chemical in-line treatment, where mine water is chemically treated to
make it of a quality that is then usable in the processing cycle or at other places where
water is needed is another option. Disposal of mine water to purpose-built evaporation
basins requires large areas of land and permits for land clearing, as well as ongoing long
term maintenance of the scale that is required for tailings and waste rock dumps. Mine
water has also been used for local groundwater recharge. This option involves difficult
and cost!y engineering solutions and the environmental consequences of groundwater
recharge are not yet fully understood. Some mining operations can provide their mine
water to a neighbouring site for reuse. Mine water can be used for irrigation, particularly
of mine waste dump rehabilitation projects. Mine water is frequently used for dust
suppression on haul roads, even when the water is hypersaline (Master study, M.
Bertuch, ECU, May 2002), and finally direct discharge to nearby wetlands is also an
. option.
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The Water Quality Protection Guidelines for Mining and Mineral Processing- Mine

Dewatering (Water and Rivers Commission, 1999) includes criteria to help decide
whether to accept or reject an application to discharge mine water to an existing water
body. These guidelines assume that the receiving environment has surface water, and it
is the potential to impact upon surface water quality that is assessed in these guidelines.
No such guidelines exist for assessing a possible impact to other characteristics of the
receiving environment, e.g. aquatic flora and fauna, and terrestrial flora and fauna.

1.1.3 Dewatering to salt lakes
With the frequent occurrence of salt lakes in the semi-arid and arid regions of Western
Australia, disposal of mine water to these lakes has become common practice (Ward,
2002; Water and Rivers Commission, 1999; J. Miragliotta, pers. comm.; E. Bowhuis,
pers. comm.). Although the Department of Environmental Protection (DEP) issues a
licence to each mine operator for dewatering, records are kept by separate regional
offices and not collated in a centralised database (E. Bowhuis, DEP, pers. comm.),
making it difficult to determine exactly how many mines discharge mine water to salt
lakes. A few examples of mine water disposal to lakes is shown in Table 1.1.

Table 1.1: Examples of mines that dispose of saline mine water to salt lakes in
Western Australia
Name of licensee

Operation & location

Kundana Gold
Pty Ltd 1

Kundana Gold Mine

Placer (Granny
Smith) Ptv Ltd2
St Ives Gold Pty
Ltd3

Placer Granny Smith
Mine
Junction, Argo,
Leviathan, North
Orchin, North
Revenge, Santa Ana

Licensed quantity
of discharge

Licensed water
quality

480,000 m3/year

Not specified

3,000,000 m3/year

Not specified

Lake Lefroy, 7km
SE of Kambalda

4,500,000 m3/year

Not specified

Lake & location

White Flag Lake,
25kmWNWof
Kalgoorlie
Lake Carey, 20km
S of Laverton

Jubilee Mines
NL'

Cosmos Nickel Mine

Lake Miranda,
30kmNWof
Leinster

1,300,000 m3/year

n/a

Harmony Gold
Pty Ltd Big Bell
Gold Operations'

Cuddingwarra

Lake Austin,
25km WofCue

2,190,000 m3/year

100,000-130,000
mg!L TDS

CDEP Ltcence number 7323/4; 2 DEP Ltcence number 5108/6; 3 DEP Ltcence number 4570/6; 4 Fmucane et al,
2002; 5 DEP Licence number 7362/4.)
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1.1.4 Licensing by the DEP
Any disposal of water to the environment requires a licence upon approval from the
Department of Environmental Protection. Licenses are issued on the proviso that annual
environmental reports are submitted showing results of monitoring of both the discharge
water and the receiving environment: "The licensee shall report on the characteristics,

volume and effects of its discharges to the environment and on the characteristics of the
receiving environment within the vicinity of the premises (eg. air quality, water quality,
and health of vegetation). An assessment of the information against previous monitoring
results, licence limits or other appropriate measures (eg. Standards or guidelines) shall
be made." (p. 4 of DEP Licence number 7362/4). In addition, the discharge water must
be analysed every three months for the following parameters: pH, total dissolved solids,
total suspended solids, total alkalinity, aluminium, calcium, cadmium, chromium,
copper, iron, magnesium, manganese, sodium, nickel, nitrate, nitrite, lead, sulphate and
zinc.

An attachment to the DEP licence states the reporting requirements in some detail (much
like an assessment outline). The-licensee is asked to show that mine dewatering
discharges are "being managed in such a way as to prevent any environmental

impacts", however in the report the licensee is asked to discuss the "impact of alteration
of the receiving environment, especially with respect to the impacts on existing
ecosystems", implying that some level of impact is inevitable and also acceptable (DEP
Licence number 7362/4). At no point, however, is an acceptable level of impact defined.

1.1.5 Big Bell Gold Operations
The Cuddingwarra gold mine is located 25 km west of Cue, in the Murchison region of
Western Australia, and has been operated by Big Bell Gold Operations (BBGO) since
May 1999 (van Etten et al. 2000). Mine ownership has changed from Wirralie Gold
Mines Ltd. to New Hampton Goldfields Ltd. to the current owner, Harmony Gold
Propriety Limited. Constant dewatering of the mine is required because of shallow
groundwater levels in the area. Discharge water has been disposed of to Lake Austin
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with approval from the Department of Environmental Protection (Licence number
7362/4), and continues at a rate of 3000-5000 ki\olitres per day. The average electrical
conductivity (EC) of the discharge water was 150 mS/cm in 2000 (van Etten et al.
2000), and 110 mS/cm in Apri\2002.
Hypersaline groundwater was first discharged to the northeast part of Lake Austin in
May 1999 (BBGO Environmental Department, 2001). The DEP license allowed
discharge of up to 6,000 tonnes per day of mine water (equivalent to 180,000 tonnes per
month, or 180 million litres per month), with a quality of 100,000 to 130,000 mgfL total
dissolved solids (TDS) to Lake Austin. BBGO are required to determine whether the
mine water discharge being disposed of to Lake Austin is having an adverse impact on
the fringing vegetation of the wetland system.

1.1.6 Salt lakes
Salt lakes are found around the world in arid and semi-arid climates and are a significant
part of the worlds inland aquatic systems (Williams, 2002). They are also a common
feature of Australia's inland waters (Geddes et al., 1981). Inland salt lakes are unique
ecosystems that have been referred to as wastelands in agricultural areas; they are
perceived as areas of salt-affected land that have no use in a traditional agricultural
system. It can be argued that the mining industry also views salt lakes as a site for waste
disposal given the growing use of salt lakes for the disposal of mine water. Salt lakes are
important natural assets with aesthetic, cultural, economic, recreational, scientific,
conservation and ecological values (Williams, 2002).
Many human activities threaten the values of salt lakes, including: surface inflow
diversions, salinisation and other catchment activities, pollution, biological disturbances
(eg. introduced species), global scale disturbances such as climate change, and mining
activities. In the wheatbelt of Western Australia, it is also becoming more common for
agricultural areas to pump hypersaline groundwater to saline lakes in an effort to lower
the salty groundwater levels (personal communication, C. Walker, August 2002).
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Halophytic members of the Chenopodiaceae dominate the fringing vegetation at Lake
Austin (van Etten et al., 2000) and other salt lakes in arid Australia. Halophytes are
plants that have adapted to survive in saline environments. They are found in coastal and
inland areas associated with tidal salt marshes, estuaries, mangrove vegetation, inland
lentic (non-flowing) waters, and along ancient drainage lines in arid and semi-arid
climates (Beard, 1990). The vegetation communities at Lake Austin have adapted to the
variable climatic and edaphic conditions including extended drought, infrequent
inundation and salinity extremes. Halophytes can tolerate extreme levels of salinity
during seedling and mature life stages, but require lower salinities for the germination
stage (Clarke and Hannon, 1970; Sharma, 1982; Badger and Ungar, 1994; Keiffer and
Ungar, 1997; Katembe et al., 1998; Egan and Ungrlf,1999). After a flooding event at
Lake Austin that lowered the average salinity to 44.8 mS/cm, a dramatic increase in
seedlings was observed (van Etten eta/., 2000). It is believed that germination and
recruitment may be stimulated by flooding when salinities are lowered.

There have been numerous studies of halophytic species associated with tidal salt
marshes and estuarine environments of the Northern Hemisphere (eg. Mikhiel et al.,
1992; Khan and Rizvi, 1994; Miyamoto et al., 1996; Keiffer and Ungar, 1997; Levine et
al., 1998; Katembe eta[., 1998). There have been few studies on Australian saline

wetlands of the arid and semi-arid interior (Geddes et at., 1981) and the associated fauna
(Sommer et at., 2000; Harkins, 2001) and flora (Short and Colmer, 1999; van Etten et al.
2000; Finucane eta/., 2002, English et al., 2002). In Western Australia, efforts are being
made by the Minerals Council of Australia (through the Salt Lake Ecology Working
Group), the mining industry (Goldfields Land Rehabilitation Group) and the Centre for
Land Rehabilitation (University of Western Australia) to increase the knowledge of
these salt lake systems and to share this knowledge amongst the mining industry and
research bodies.

1.1.7 The fringing vegetation
Members of the Chenopodiaceae dominate the t1oral communities found on the margins
of salt lakes. Six genera occur in the tribe Salicornioideae, includingHalosarcia and
6

Sclerostegia. This tribe is characterised by their succulent articulated stems and reduced
flowers (Wilson, 1980). There is a notable lack of literature on the ecophysiology of
particularly the Halosarcia genus, and several species of the genus are currently under
revision (K. Shepherd and J. English, Faculty of Natural and Agricultural Sciences,
UW A), or are in need of revision (eg. H. halocnemoides) (P. Wilson, Western Australian
Herbarium, 10 October 2002, pers. comment).

1.2 Rationale
Mining in arid regions of Western Australia presents unique environmental management
issues. The disposal of mine water to saline wetland systems is one such issue, that is
becoming increasingly common. The Department of Environmental Protection licence
all instances of mine water discharge and impose conditions that include monitoring of
the receiving environment to ensure that impacts are managed.

Salt lakes are unique ecosystems with vegetation communities dominated by halophytic
members of the Chenopodiaceae family. The germination stages of halophytes are
known to be less tolerant of high salinity than other life stages. This means that the
fringing vegetation of salt lakes may be threatened by the disposal of hypersaline mine
water by potentially affecting the recruitment process.

At the Cuddingwarra gold mine, discharge water is disposed of to the Lake Austin
wetlands. The impacts of discharging to wetland systems are not well documented and
the vegetation dynamics of saline wetland systems are also poorly understood. There is a
need to assess whether mine water discharge at Lake Austin is having an impact on the
fringing vegetation, and to investigate how mine water can impact the fringing
vegetation through developing an increased understanding of the vegetation dynamics.

7

1.3 Aims and Objectives
This study will provide information essential to building an understanding of how
discharge of hypersaline water to the environment can affect the fringing vegetation of
the receiving environment. The two objectives of this study were:
Objective 1: To assess whether discharge of hypersaline mine water to Lake Austin has
had an impact on the fringing vegetation.
Objective 2: To describe the vegetation dynamics, particularly the effects of flooding to
increase our understanding of tbese vegetation communities.

1.4 Thesis Structure
This thesis is divided into four chapters. Chapter 1 provides background information on
the study including environmental management considerations unique to the gold
mining industry, mine dewatering options and salt lake systems and their associated
halophytic vegetation communities. The study area, and fbld and laboratory methods
used in this study are then outlined in Chapter 2. Chapter 3 shows how the vegetation
communities and soil characteristics changed over the p~·.riod of the CEM monitoring
program. Changes in species· composition, community structure, and plant growth and
health parameters are assessed. Chapter 4 is a general discussion explains why the soil
and vegetation parameters changed the way they did. As a synthesis, 3 management
implications that have arisen from this study are described.

8

CHAPTER 2- METHODS
2.1 Study Area
2.1.1 Location
The study site is located in the Murchison region of Western Australia, between the
towns of Cue and Mt Magnet some 650 km NNW of Perth (27° 29' S, 117° 39' E)
(Figure 2.1). The study site is found within the Austin Botanical District of the
Eremaean Botanical Province (Beard, 1976).

2.1.2 Climate
The climate of the region receives an average annual rainfall of 232 rom and is
characterised by hot summers (average min. 21.9, average max. 36.9''C) and mild
winters (average min. 7.6, average max. 19.3°C) (Bureau of Meteorology, 2002). The
area has bimodal rainfall distribution with peaks in both summer and winter (Figure 2.2).
The average rainfall for summer and winter are similar (23.2 mm and 24.4 mm
respectively), however, on an annual basis rainfall is highly variable (Variability Index=
1.3; Bureau of Meteorology, 1989). There is a north-westerly prevailing wind, and
evaporation figures have been calculated to be approximately 10 times the average
annual rainfall (Bureau of Meteorology, 2002).

2.1.3 Hydrogeology
The landforms of the area have been classified as part of the Carnegie Land System by
the Department of Agriculture Western Australia (Curry eta!., 1994). This system is
characterised by salt lakes with extensive fringing saline plains, dunes and sandy banks,
supporting low halophytic shrublands, and scattered tall acacia shrublands (Curry et al.
1994). The salt lakebeds are often highly saline and mainly unvegetated (Curry eta/.
1994).
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Western Australia
400km

Cue

•

Lake Austin
40km

(b)
North

t
(a)
Figure 2.1: There are numerous inland wetland systems in Western Australia;
Lake Austin is located approximately 650 km north-north-east of Perth (a) between
the towns of Cue and Mt Magnet (b) (Adapted from ESRI, 1996).
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Figure 2.2: Monthly rainfall figures for Cue Post Office from March 1992 to March
2002 (Bureau of Meteorology, 2002). Total monthly rainfall (blue solid dotted line),
long term monthly average (pink solid line), summer (yellow solid line) and winter
(aqua solid line) monthly averages.

2.1.4 Soils
The Carnegie land system exhibits flat to gently undulating topography, with sandy
surfaced Quaternary plains (Curry et al. 1994). Soils are typically shallow calcareous
and siliceous loams (Bettenay et al. 1967). Two types of dunes occur around wetland
systems. Siliceous primary sand dunes at lake margins that are low and of aeolian origin,
and sandy red dunes that occur behind these, are of lateritic origin and are geologically
older than the siliceous sand deposits (Curry eta!. 1994).

2.1.5 Lake Austin
There are many large salt lakes in the inland parts of Western Australia. Lake Austin is
an example of a saline ephemeral lake and lies within the ' Salinaland' . It forms part of
an arheic drainage system typical of inland areas of Australia that receive little rainfall
and where there are no rivers or other bodies of running water to carry surface water
away (Bayly and Williams, 1973). Arheic drainage is different to endorheic drainage
II

where precipitation that does occur may flow in rivers, but never reaches the sea because
of high evaporation rates. Lake Austin is an evaporltion basin for an internally draining
catchment with an area of 13,750 square kilometres (Curry et al. 1994). The lake itself is
approximately 80 km long and 10 to 40 km wide, and has a total area of approximately
770 square kilometres, or 440 square kilometres if the numerous islands are not included
(BBGO Environmental Department, 2001).
Lake Austin typically fills in response to heavy summer-autumn rainfall events triggered
by cyclonic weather patterns from the northwest, thunderstorms, and/or north-west cloud
bands that can produce substantial rainfall when they cross the path of cold front:; from
the southwest. North-west cloud bands typically occur from March to June (Bureau of
Meteorology, 2002). The lake seems to fill twice in every ten years or so, but again, this
pattern is variable. Records of lake water levels are anecdotal.
When Lake Austin is filled with water the salinity of the water tends to be lower than at
times when there are only small pools of water on the lakebed. The salinity of Lake
Austin waters has varied greatly in the past. In the late 1970s salinity was measured at
164 mS/cm (Geddes, 1981). After a period of low summer rains in 1998 average salinity
was 101.9 mS/cm, and during a flooding event in 2000 the average salinity was 44.8
mS/cm (van Etten et al. 2000). Harkins (2001) found the average salinity levels of Lake
Austin water to be 159 mS/cm when the water levels were lower in 2001. In comparison,
the electrical conductivity of seawater is approximately 55 mS/cm.
When Lake Austin was visited in September 1998 for a baseline terrestrial flora and
aquati' biota survey the lake was dry (Horwitz et.al. 1999). On a subsequent survey in
June 2000, water levels were just below peak levels after rains in March and Apri12000.
At this time, some parts of the 'fringing' vegetation were completely submerged. During
a survey conducted in March and April 2002, the lake was dry again with supersaturated
hypersaline water found in one of the inlet channels to the north of Lake Austin.

12

2.1.6 Vegetation
Members of the Chenopodiaceae dominate the vegetation surrounding Lake Austin.
These have fleshy slems and reduced flowers, and are tolerant of extremes in salinity
and of waterlogged soils (Wilson, 1980).
The vegetation communities found at Lake Austin typically consist of, and are
dominated by, one or two species of the genus Halosarcia. The community found
closest to the lake edge is dominated by Halosarciafimbriata. This community occurs
on the lowest margins of the lake, where both soil salinity and pH are high. At times
when the lake is full, this community has been partially or completely inundated (E. van
Etten, pers. comm.).
The community immediately up-slope of H. fimbriata is dominated by Halosarcia

ltalocnemoides (form a). It has been named 'form a' with advice from the WA
Herbarium, who recommend that this taxa is in need of taxonomic review (P. Wilson,
pers. comm.). This community is found on the primary dune beyond the lake edge. The
soils are siliceous and sandy and they are typically drier and of lower salinity than soil
where the H. fimbriata community occurs.

Halosarcia pruinosa (form a) is found on highly alkaline and heavy clay soils near the
inlet channels, set back from the lake itself. Soil salinity varied but was generally lower
than that found in H. fimbriata and H. halocnemoides (form a) communities. Soils were
waterlogged in 2000 (van Etten et al. 2000), and hard and dry in 2002.

2.1. 7 Mine water discharge
Mine water has been discharged from Cuddingwarra to Lake Austin from May 1999 to
October 2002 after which mine water was diverted to a disused open cut pit (pers.
comm. J. Ward, October 2002). The annually renewed licence granted to Harmony Big
Bell Gold by the Department of Environmentlll Protection allowed a discharge volume
of 6000 tonnes (6 million litres) per day with a quality of 100,000 to 130,000 mg!L total
dissolved solids. The volume and quality limits were exceeded on one occasion in
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November 2000 by 7.5 million litres, or approximately 1 day's worth of discharge water
(Figure 2.3). As part of the DEP licence requirements, discharge water is analysed every
three months for the following parameters: pH, total dissolved solids, total suspended
solids, total alkalinity, aluminium, calcium, cadmium, chromium, copper, iron,
magnesium, manganese, sodium, nicke~ nitrate, nitrite, lead, sulphate and zinc. The
dominant salt ions are Na+ and

cr.

A copy of Cuddingwarra mine water

physicochemistry is attached in Appendix 1.
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Figure 2.3: Cuddingwarra to Lake Austin dewater discharge flow volumes.
February 2000 to October 2002. Actual monthly volume (dotted blue line) and
maximum monthly legal volume (solid pink line). (Source: BBGO Environmental
Department, 2002).

Heavy rainfall in March 1999, caused an interruption to the installation of the pipeline
and subsequently mine water was discharged to the edge of the lake (BBGO
Environmental Department, 2001). In March 2000, the pipeline out-fall was extended
900 metres from the shoreline so that the water would not come into direct contact with
the fringing vegetation (BBGO Environmental Department, 2001). Following heavy
rains during late summer/early autumn 2001 the discharge pipe was dislodged and
moved by wind and wave action to the south-east, to lie parallel to the shore line. It was
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approximately 5-6 months before the pipeline was replaced onto the lake bed (M.
Hewitt, BBGO, pers. comm).

2.1.8 Study Site
2

The focus of this study is on an area approximately 5 by 10 km (50 km in area) in the
north-west portion of Lake Austin (Figure 2.4). The main land uses of the area are
mining and pastoralism. Sheep are grazed in the Mulga woodland, and feral goats and
donkeys are abundant.

0

Monitoring transect

0

0

0

o

0
0

Additional site

/North
1 kilometre

Figure 2.4: This study was conducted in the north west portion of Lake Austin.
Monitoring transects (yellow lines) and additional sites (blue dots) are shown (as
explained in section 2.2 Field Methods). Aerial photo taken September 1997.
(Image courtesy of Harmony Gold BBGO).

..
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2.2 Field Methods
2.2.1 CEM Monitoring Program methods
In September 1998, the Centre for Ecosystem Management (CEM) established a
vegetation monitoring program for Wirralie Gold Mines Ltd. (now Harmony Gold Pty.
Ltd.) as part of that company's obligations to the Department of Environmental
Protection (DEP) tn monitor the environmental impacts of mine water disposal to Lake
Austin. The CE . ~ .. tablished seven permanent transects around the lake edge. The
transects were aligned approximately perpendicular to the lake edge and encompassed
the vegetation communities from the lake edge to the Mulga woodland. Transects 1, 2, 3
and 6 were located near the discharge pipe (within a 1.5 kilometre radius), and transects
4, 5 and 7 were located between three and ten kilometres from the discharge pipe
(Figure 2.4). A total of 33 sites were established.

The sites were established to ensure the various identifiable vegetation communities
were sampled. Sites were 5 metres long in the direction of the transect, and 10 metres
wide. They were marked with a wooden stake and their latitude and longitude were
recorded to enable relocation of the sites. The data recorded in September 1998 form the
pre·dis_charge baseline information from which comparisons were then made.

At each site, beight, cover and abundance were counted or estimated for each plant
species, Cover was estimated by looking at one quarter of the plot at a time, and
approximating the cover. An average was then recorded. Where individuals were few
(less tban 100), they were counted to determine abundance. When abundance was
greater than approximately 100, counts of a quarter or half of the plot were made and
then extrapolated to the total plot size where appropriate.

Three specimens of each perennial species were selected and tagged. The height, width
and health of these tagged plants were recorded, Plant health was determined by
estimating what 100% foliage cover would look like based on the architecture of the
plant. Subtracting areas of absent and dead foliage (bare branches) from the theoretical
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100% gave a value for health. For example, where approximately 25% of the plant had
branches where foliage was absent or dead the plant received a health value of 75%.

A photograph was taken at each site and plant samples were taken to the laboratory for
identification where field identifications could not confidently be made. Identities of

Halosarcia and Sclerostegia were confirmed by P. Wilson at the Western Australian
Herbarium.
The CEM monitoring transects were revisited in June 2000 when lake water levels were
high. Monitoring was also conducted in April and May of 2002 as part of this Honours
project. Each monitoring period has been supervised by the same person thus ensuring
consistency in the sampling technique.
2.2.2 CEM Monitoring Program experimental design

The design of the CEM monitoring program in 1998 employed the Before versus After/
Control versus Impact (BACI) concept. BACI theory is based on the idea that when a
change in some environmental variable is detected from before to after a disturbance
event (time component), and that change is different between an impact and control
(location component), an impact can Pe detected (Underwood, 1995). Two~way analysis
of variance (ANOVA) is then used to detect for a significant interaction between time
and location. This method is the only way an impact, if there is one, can be
unequivocally shown.

Ideally, the selection of a sampling design is made with as thorough a knowledge of the
behaviour of the potential impact and of the receiving environment as possible. in the
CEM monitoring program and in this study several 'unknowns' made the selection of
control and impact locations at Lake Austin difficult. Detailed information about the
wetland's hydrological regime and preferential water pathways was lacking, and coupled
with the unreliable rainfall pattern it was difficult to predict where the spatial extent of
the disturbance was likely to end. However, sites still had to be chosen prior to the
impact occurring and without full knowledge.
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Discharge water was disposed of to the edge of the vegetation for nine months during
1999/2000 and for several months of 2001, thereby supporting the notion of impact sites.
After the 2000 survey, it became apparent that it was possible that discharge water was
not always confined to the impact area. In the first half of 2000 the lake was filled and
salts deposited by the discharge water were likely to have been homogenised across a
large area of the north west portion of Lake Austin. This event weakens the conclusions
that can be drawn by comparing discharge and non-discharge sites as it becomes clear
that it is impossible to confirm that non-discharge sites remain unaffected by the
discharge water. Additional factors such as the prevailing northwesterly winds also
contribute to this dilemma.

The seven transects established by the CEM were called impact and control transects.
The terminology of impact versus control has been replaced with discharge versus non-

discharge, in the CEM monitoring program and in this study, to make clear the concept
that control sites are not strictly 'un-impacted' by the disturbance. Caution needs to be
employed when drawing conclusions about any differences found between discharge
and non-discharge sites.

One of the aims of this study was to determine whether the discharge water had an
impact on the fringing vegetation. Any differences found between discharge and nondischarge sites are still of interest to address this aim, but require careful interpretation.
Ways in which the CEM monitoring program's experimental design could be improved
are discussed in the final chapter.

2.2.3 Additional sites in Halosarcia fimbriata community
In order to supplement the field data collected as part of the CEM monitoring program,
20 additional sites were established in April 2002 within the Halosarcia fimbriata
community. This community was closest to the lake edge, and therefore most at risk of
being affected by the discharge water. These sites were also 10 metres long and 5 metres
wide, with the widest part of the site parallel to the lake edge.
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As for the CEM sites, plant height, cover and abundance was recorded for each plant
species, and a photograph of each site was made. Three ·one square metre quadrats were
placed randomly inside each plot. In each quadrat the height, width and health of
individuals of each perennial species was recorded. Field soil pH was measured using a
CSIRO field pH kit, and plant material was collected for later identification where
required.

The location of each additional site was selected based on several selection criteria. Sites
had to be within the 'fringing' H. fimbriata community, at locations that exhibited the
same or as similar as possible geomorphology as the existing CEM monitoring program
'fringing' sites to minimise variability between sites, ie. at the lake edge and on the
same soil type. Ten additional discharge sites were situated close to established CEM
discharge sites and within 1 km of the discharge pipe. Ten additional non-discharge sites
were located near the non-discharge CEM Transect 4 at a distance of approximate! y 5
km from the discharge pipe.

2.2.4 Soil sampling
At each site, field pH was recorded using a CSIRO field soil pH kit. The field pH of
both the top 1 em of soil and the 1 to 4 em horizon was measured. Samples of the top 1
em and the 1-4 em soil horizon were taken for laboratory analysis. This was done for
each monitoring period and for the 20 additional sites.

Intact soil samples were collected for the soil seed bank experiment from eleven of the
additional sites. Six sites from the discharge zone and five sites from the non-discharge
zone were randomly chosen. The six discharge sites were A1, A2, A3, A4, A6 and AS
and the 5 non-discharge sites were All, A12, Al3, A14 and A15. A custom-made tool
was used to cut a section out of the soil of dimensions slightly less than the plastic
punnets into which the soil samples were placed (130mm L x 75mm W x 45mm H)
(Figure 2.5). With the use of this tool, the soil samples remained intact. Four lots of four
soil samples were collected at each site resulting in 16 samples per site, and a total of
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176 samples. The punnets were carried in seedling trays and stacked for road transpott to
Perth.

Figure 2.5: A custom made tool was used to cut an intact sample from the soil (a)
which was then carefully placed into a punnet (b). (S. Vellekoop, 2002).

.·
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2.3 Laboratory Analysis
Soil samples were analysed in the laboratory for pH, electrical conductivity, moisture
content, and percent weight of particles greater than 2 mm in diameter.

pH and electrical conductivity of the soil samples were determined of a 1:5 oven-dried
soil to deionised water solution, using portable WTW pH and electrical conductivity
probes. Soil moisture was determined by making an initial weight measurement of the
samples, placing them into an oven at 95°C for 24 hours, and re-weighing them. Soil
moisture was calculated by subtracting the final weight from the initial weight. Dried
soil of a known weight was sieved using a 2 mm sieve. The amount that passed through
the sieve was weighed and the percent of the initial weight was determined.

2.4 Statistical Analysis
Vegetation parameters consisted of height, cover and abundance averages of all species
across a plot, and height, width and health averages of tagged plants. The soil parameters
were pH, electrical conductivity, percent moisture content and percent weight particle
size greater than 2 mm for both the top 1 em and the 1-4 em soil horizon.

In one case pseudoreplication was employed. Individual plant values were used instead
of site averages, to increase the number of sample points and increase the statistical
power of the analysis.
An experiment based on the BACI design can best be analysed using two-way analysis

of variance (ANOVA). Two-way ANOVA allows the consideration of two factors
simultaneously. In this study this test was used to analyse the effects of the interaction of
two factors: location (discharge versus non-discharge) and time (1998, 2000 and 2002).
Power tests were performed. When power was 0.9 it indicated that there was a 10%
chance of failing to detect a significant difference if one was there. When the power was
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less than 0.8, this suggested that the lack of power may prevent the detection of
statistically significant differences.
To further explore differences and trends between discharge and non-discharge sites
over time, independent samples t-tests and Pearson's correlation was used. Independent
samples t-tests were performed to test for significant differences in changes to the
vegetation and soil parameters of discharge and non-discharge sites over time. Changes
in the parameters over time were calculated using the data collected in April 2002 and
data from both the September 1998 and June 2000 monitoring periods. Changes were
calculated in absolute terms and in terms of percentage of September 1998 and June
2000 values. Change has been expressed as a percentage of the initial plant condition to
allow for detection of differences in growth and health relative to their pre-impact
condition.

Data was assessed for normality by making a visual assessment of histograms of each
variable, as well as calculating whether 70% or more of observations fell within the
interval: mean plus/minus the standard deviation. Where the data were not normally
distributed transformations were applied (log 10, natural log or square root) and reassessed for normality. Where the data were still not normally distributed after
transformation, the untransformed data set was used.

Homogeneity of variances was assessed using the Levene's test of homogeneity of
variances. When the Levene's test showed a significant difference between variances for
the independent samples t-test, a correction was made using SPSS version 11.0 that
reduced the degrees of freedom and gave a more conservative t-test result. The Pearson
Correlation was used to look for relationships between the vegetation and soil variables.
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2.5 Soil Seed Bank Inundation Experiment
The soil seed bank inundation experiment was designed to test for the effects of saline
water on the recruitment potential of the soil seed bank, and test for significant
differences between soils from discharge and non~discharge sites. Intact soil samples
collected from the H. fimbriata community at Lake Austin were submerged by treatment
water of varying dilutions of the discharge water. The treatment water was allowed to
evaporate, mimicking the receding of floodwaters, and once the soil samples were
exposed to air, it was expected that any seed stored in the soil would be stimulated to
germinate. This experimental design was based on studies by Clarke and Hannon
(1970); Sharma (1982); Badger and Ungar (1994); Keiffer and Ungar (1997); Katembe

eta/. (1998); and Egan and Ungar (1999) that suggested halophytes require flooding
with fresher water for germination.

The hypothesis examined here was that the number of genninating seeds and species
richness was expected to increase with a decline in the salinity of the floodwater.

Discharge water was collected from the collection dam at the Cuddingwarra pit. The
collection dam holds the discharge water prior to it being pumped through 14.5 km of
PVC pipe to Lake Austin. Six 20 L buckets were used to collect 120 L of the discharge
water. These were sealed and transported to Perth via road.

2.5.1 Experimental Design
The 4 treatments of 'floodwater' were made using various ratios of discharge water to
deionised water (Table 2.1). The electrical conductivity levels of the treatments were
determined based on historic data from Lake Austin found by Horwitz eta/. (1999) and
van Etten et al. (2000). The DWlOO treatment was 100% discharge water, representing
the soil being inundated directly by the hypersaline discharge water. The DW50
treatment (50:50 discharge water to deionised water) represented high salinity levels
measured during a typical dry winter season when surface water at Lake Austin was in
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the form of small pools. The DW25 treatment (25:75) had an electrical conductivity
similar to that found at the lake during the flooding event of June 2000. The DWO
treatment was a control using 100% deionised water.
Table 2,1: Treatment water ratios of discha e water to deionised water.
Dischar e water : Deionised water
100:0
50:50
25:75
0:100

Treatment name
DWHJO
DWSO
DW25
DWO control

There were four replicates for each treatment, each consisting of ten soil samples: one
sample from each site (Figure 2.6). Replicates were indicated by a number after the
treatment name. For example, DWl00-2 was replicate 2 of treatment DW100. Foam
boxes commonly used to transport fresh broccoli to supermarkets were used to hold each
treatment. They were chosen for their water holding capacity and because they fitted
neatly on the bench in the glasshouse. In addition, 16 samples from one site (A4) were
placed in the irrigated section of the glasshouse (ie. not flooded) to gauge the effect of
flooding on germination and recruitment.

Treatment

Rep1

Rep2

Rep 3

Rep4

DWlOO

10 samples

10 samples

lO samples

10 samples

DWSO

lO samples

10 samples

10 samples

10 samples

DW25

10 samples

10 samples

10 samples

10 samples

DWO

10 samples

10 samples

10 samples

10 samples

.
.
Figure 2.6: There were four replicates for each treatment, each cons1shng of ten
soil samples (one sample from each site).
2.5.2 Glasshouse Methods
The treatment replicates were placed in the glasshouse and isolated from the general
irrigation system. Each tray received an initial irrigation with the designated treatment
water to submerge the surface of the soil by approximately 100 mm, then left to dry out
slowly, simulating natural flooding events.
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The soil was inundated by treatment water for 64 days. The pH, electrical conductivity
and temperature of the treatment water were measured each week. After 64 days the
water levels were purposely lowered to just below the soil surface as the evaporation
rate in the glasshouse was slower than expected and was limiting the time available to
observe seedling growth within the short Honours timetable. Approximately 20 mm
depth of water was removed. To prevent evaporation from dl'ying the soil samples to a
point that affected seedling growth, replicates were subsequently sub-irrigated with
deionised water to maintain soil moisture levels sufficient for plant growth.

Observations for emerging seedlings were made three times per week for 43 days, after
which no more seedlings emerged. The number of seedlings per soil sample was
recorded, as well as species where possible. Species type was recorded as either a, b or c
as the plants were too immature to identify. Two individuals of species a were grown on
for identification and identified as Ha/osarcia fimbriata. Specimens of species b and c
died before identification could be made.

2.5.3 Statistical Analysis
Two-way ANOVA was to be applied to test for differences between treatments and
locations (discharge versus non-discharge soil samples). lndepentlent samples t-tests
were performed to assess for differences in seedling abundance between samples from
the discharge and non-discharge sites, and for differences between treatments.
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CHAPTER 3- RESULTS
3.1 BACI Analysis
Two-way ANOVA was used to analyse the data in terms of the BACI experimental
design. Vegetation and soil parameters were assessed for differences between zones
(discharge v non-discharge zones) over three time periods: 1998, 2000 and 2002.
Absolute values of heighl, width, health, cover and abundance for tagged plants of

Halosarciafimbriata, H. halocnemoides (form a), and H. pruinosa (form a), as well as
soil electrical conductivity and pH were assessed (Table 3.1).
There was only one significant interaction between time period and zone, and that was
for soil pH at 'fringing' sites (Table 3.1). Soil pH was significantly different between
zones over time. The health of both H. fimbriata and H. halocnemoides {form a) was
significantly different between time periods, as was soil electrical conductivity and pH at
'fringing' sites. H. halocnemoides (form a) abundance and H. pruinosa (form a) cover
and abundance were significantly different between zones, but not between time periods.

3.2 Changes in species composition
Changes to species composition occurred mainly in the annual and short-lived perennial
plant species. The flora was dominated by daisies {Asteraceae) during September 1998,
while grasses (Poaceae) were dominant in June 2000 (van Etten et al., 2000). In March
and April 2002 there was a marked absence of annual grasses, daisies and short-lived
perennials. Perennial species composition was consistent over time as each perennial
species recorded in previous surveys was present in 2002.
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Table 3.1: Results of two-way ANOVA. F values with observed power in
parentheses.*** denotes p<O.OOl, ** denotes p<O.Ol, * denotes p< 0.05. #denotes
p<O.OS for Le vene ' s test of equality of error variances.
Time

Parameter

H. fimbriata

H. halocnemoides (form a)
.

H. pruinosa (form a)

Soil electrical conductivity

Soil pH

Height
Width
Health
Cover
Abundance
Height •
Width
Health
Cover
Abundance
Height •
Width"
Health
Cover
Abundance
All sites •
Fringing sites
All sites •
Fringing sites

Fvalue
0.5 (.13)
0.1 (.06)
5.5 (.80) **
0.8 (.17)
0.3 (.09)
0.04 (.05)
0.3 (.09)
12.6 (.99) ***
0.02 (.05)
0.1 (.06
0.5 ( .11
0.05 .06
0.05 .05
0.2( .07)
0.04 .05)
3.6 (.65)*
4.3 (.70)*
16.6 (1.0)***
4.4 (.70)*

Zone
(F value)
0.7 .13
2.6 .35
0.1 .06
0.04 (.05)
1.1 .18)
0.6 (.12)
2.7 (.35)
2.4 (.32)
0.8 (.14)
5.5 (.61)*
2.4 .28
1.1 .15
3.4 .38
6.8 .64 *
9.0 .76 *
0.1 .0 7)
1.1 .17)
5.9 (.67)*
4.3 .50)

Time X Zone Interaction
(Fvalue)
0.3 (.54)
0.1 (.61)
0.1 (.06)
0.03 (.05)
0.5 (.12)
0.01 (.05)
0.1 (.06)
1.5 (.29)
0.4 (.11)
0.5 (.12)
0.6 (.13)
0.1 (.06)
0.02 (.05)
0.06 (.06)
0.1 (.06)
0.25 (.05)
0.7 (.16)
2.9 (.56)
4.3 (.68)*

3.3 Changes in vegetation structure
Changes in vegetation structure were calculated in terms of absolute values of change
and percent change of initial values as described in Chapter 2. Percentage changes are
described in the following section (unless otherwise stated) as these figures more
accurately describe the trends that were observed.

There were no significant differences in either mean perennial cover or abundance
between discharge and non-discharge sites over the 1998-2002 or the 2000-2002 periods
(Table 3.2). However, mean cover did increase at the discharge sites for both periods by
approximately 5%, while cover decreased by 3-8% at non-discharge sites (Figure 3.1).
Mean abundance of perennial plants had a greater increase in the discharge zone (3245%) compared to the non-discharge zone (10-14%) over both time periods.
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Figure 3.1: Mean and standard error of absolute values of perennial species cover
at all sites. The change in cover between the discharge and non-discharge sites was
not significantly different over time.
It became apparent during the 2002 field trip that spatial patterns in vegetation structure
were very patchy, especially in the vegetation of 'fringing' sites. At some sites, nearly
all mature plants were covered in dried macro-a lgae and/or Ruppia from the fl ooding
event of 2000 resulting in patches of dead plants observed in 2002 (Figure 3.2). For
example, s ite A 17 abundance was 2.2 plants per square metre. At other sites, 5-l 0 em
seedlings of H. fimbriata were abundant. For example, site A 14 abundance was 113
plants per square metre (Figure 3.3). This spatial patchiness was reflected in the high
standard error values (Tab le 3.2). It was apparent in the fi eld that there were cohorts of
seedlings of different size cl asses. An examp le is shown in Figure 3.3.
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Figure 3.2: Mature plants at 'fringing' site Al7 were covered in dried macro-algae
and/or Ruppia from the flooding event of 2000.

Figure 3.3: Site A14 where plant abbundance was approximately 113 plants per m
Cohorts of seedlings of different sizes can be seen.
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Table 3.2: Changes in vegetation and soil attributes between discharge and non-discharge monitoring sites from September
1998 to April 2002. (NB Degrees of freedom have been modified where variances were unequal at p<O.OS). Standard errors are
. ...,............
. ..........................................
th
.....
Attribute

Total perennial cover
Total perennial
abundance
H. fimbriata cover
H. fimbriata
abundance
H. fimbriata height
H. fimbriata width
H. fimbriata health
H. halocnemoides (a)
height
H. halocnemoides (a)
width
H. halocnemoides (a)
health

September 1998 to April 2002
Mean % change for Mean % change for
df
Discharge sites
Non-discharge sites
5.52 (13.8)
-3.33 (14.4)
44
31.93 (16.1)
13.95 (24.1)
44

ItI

Prob

.442
.638

.660
.527

Mean % change for
Discharge sites
5.89 (12.1)
45.39 (20.0)

· June 2000 to April 2002
Mean % change for
df
Non-discharge sites
-8.23 (10.3)
44
44
10.44 (23.3)

It I

Prob

.442
1.145

.660
.259

-22.62 (17.0)
59.98 (45.3)

-35.38 (13.5)
-25.23 (36.1)

10
10

.550
1.373

.595
.200

-20.98 (15.7)
55.48 (58.5)

-24.66 (14.2)
-21.76 (34.2)

10
10

.166
1.021

.872
.332

-4.21 (5.5)
5.48 (7.1)
-34.36 (7.3)
0.93 (8.9)

-12.39 (6.5)
7.99 (9.8)
-28.21 (11.0)
13.28 (8.9)

'10
10
10
7

.965
.214
.489
.866

.357
.835
.635
.415

3.56 (3.0)
-2.16 (3.4)
-21.94 (5.7)
-6.17 (8.8)

-0.76 (7.9)
12.34 (7.8)
-10.65 (12.5)
3.91 (4.2)

10
10
10
7

.579
1.903
.913
.768

.576
.086
.383
.468

8.72 (11.8)

46.56 (8.3)

7

2.099

.074

-0.55 (11.5)

19.17 (10.2)

7

1.090

.312

-28.52 (12.8)

-5.85 (21.1)

7

.975

.362

-37.64 (10.8)

-29.54 (13.5)

7

.448

.668
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3.4 Changes in plant condition
Independent sample t-tests were performed using individual plants as replicates to look
for statistically significant differences at species level between discharge and non-

discharge sites. Only three species were sampled in sufficient numbers to allow for
statistical analysis: H. fimbriata, H. halocnemoides (form a) and H. pruinosa (form a).

3.4.1 HalosarciafimbriaUJ
No significant difference existed in H. fimbriata cover or abundance between discharge
and non-discharge sites, over either 1998-2002 or 2000-2002, but a general trend was

observed. Mean cover was 4-5% lower in the discharge zone and 4-7% lower at nondischarge sites (Table 3.3). Mean abundance increased by 32-43% at discharge sites and
decreased by approximately 16% at non·discharge sites over both time periods (Table
3.3).
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Table 3.3: Changes in mean plant condition for plants in discharge and non-discharge zones between September 1998 and
April 2002. (NB Degrees of freedom have been modified where variances were unequal at p<O.OS). Standard errors are given
.
- .h
- ....... .., .....
~

Species

Attribute

H. fimbriata

Height (m)
%Height
Width (m)
%Width
Health(% living)
%Health
Cover(% area)
Abundance (no.
plants)
Height (m)
%Height
Width (m)
%Width
Health (% living)
%Health
Cover(% area)
Abundance (no.
plants)
Height (m)
%Height
Width (m)
%Width
Health (% living)
%Health
Cover(% area)
Abundance (no.
plants)

H. halocnemoides
(form a)

H. pruinosa (a)

Se
Change in
discharge zone
0.05 0.03)
-7.38 (6.6)
0.0004 (0.04)
4.41 (8.9)
~23.26 ( 4.2)
~36.31 (6.6)
-4.93 (3.8)
42.71 (30.3)

tember 1998 to Aj:ril2002
Change in nondf
It I
discharge zone
0.04 (0.04)
33
.069
-12.40 (14.1)
33
.369
0.004 (0.05)
33
.583
9.25 (18.9)
.264
33
~22.50 (8.3)
.091
33
~30.40 (12.3)
33
.465
-7.00 (2.6)
10
.412
~15.8 (22.0)
10 1.439

0.005 (0.03)
1.45 8.0)
0.07 0.03)
8.75 10.2)
~20.88 (6.0)
~30.20 (9.2)
3.50 (3.7)
16.67 (11.7)

0.06 (0.03)
13.28 (8.5)
0.37 (0.1)
46.57 (10.1)
~5.78 (7.6)
~5.85 (12.2)
-1.00 (6.7)
4.67 (8.2)

(0.2)
(19.6)
~0.13 (0.07)
-30.54 (19.1)
-9.00 (8.27)
-28.99 (24.0)
-4.50 (3.5)
5.50 (6.5)

~0.006

~0.18

~22.41

(0.03)
(5.9)
-0.03 (0.08)
-6.83 (16.5)
-9.00 (13.0)
-20.48 (26.4)
-16.67 (10.1)
-21.33 (16.2)
~0.03

.

Prob
.945
.714
.564
.793
.928
.645
.689
.181

Change in
discharge zone
0.005 (0.01)
3.23 (2.9)
~0.04 (0.04)
~2.47 (4.6)
~ 12.22 (3.3)
~22.14 (5.6)
-4.43 (3.1)
31.29 (33.2)

It I

Prob

.606
.205
.978
1.193
1.330
.999
.043
1.059

.555
.841
.335
.241
.193
.325
.967
.314

24
24
10
24
24
24
7
7

1.300
.934
2.711
2.387
1.521
1.576
.650
.671

.206
.359
.022
.025
.141
.128
.537
.524

~0.02 (0.02)
-6.57 (6.6
0.02 (0.04)
~0.70 (8.5
~28.24 (6.0)
~39.50 (7.6)
4.08 (3.7)
19.83 (12.1)

0.01 0.02)
3.91 3.1)
0.12 0.07)
19.17 (7.4)
~23.56 (6.5)
~29.54 (7.0)
-2.00 (7.1)
5.33 (7.3)

24
24
24
24
24
24
7
7

1.017
1.117
1.372
1.536
.495
.856
.855
.789

.319
.275
.183
.138
.625
.400
.421
.456

8
8
8
8
8
8
3
3

1.005
1.090
.878
.939
.000
.238
.912
1.251

.344
.307
.406
.375
1.00
.817
.429
.299

-0.03 (0.02)
~5.33 (2.8)
-0.05 (0.03)
~8.35 (4.4)
-4.00 2.4
-8.89 5.4
-4.00 4.0
7.50 (7.5)

-0.02 (0.02)
~2.71 (4.9)
-0.08 (0.09)
-12.56 (15.4)
-4.00 (5.3)
-23.08 (17.8)
-11.67 (6.0)
-10.67 (7.9)

8
8
8
8
8
5
3
3

.496
.466
.230
.263
.000
.763
.922
1.565

.633
.654
.824
.799
1.00
.482
.424
.216

L
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June 2000 to April 2002
Change in non~
df
discharge zone
-0.02 (0.04)
13
0.14 (14.7)
11
0.03 (0.05)
33
13.27 (16.1)
13
~4.17 (5.5)
33
~7.76 (17.0)
33
~4.6 (1.9)
10
~ 16.00 (24.2)
10

..

- - - ------------ -

Plants of H. fimbriata increased in both height and width over 1998-2002 (Table 3.3).
An increase in height of 4 and 5 em was noted at discharge and non-discharge sites
respectively, while the width increase was only 0.04 to 0.4 em at discharge and nondischarge sites respectively. Between 2000-2002 mean H. fimbriata height declined at
non-discharge sites by 2 em, while mean width decreased by 4 em at sites near the
discharge pipe (Table 3.3). Between 1998 and 2002, the percent change in mean health
was greater at discharge sites (36% decline), compared to a 30%decline at non-discharge
sites. After the flooding event of 2000, mean health declined at non-discharge sites by
22% and by 8% at sites further away from the discharge pipe (Table 3.3). These
differences in H. fimbriata parameters were not significantly different.
A significant difference was found when 'fringing' sites were assessed separately. These
'fringing' sites were determined based on their floristic composition ie. those supporting
a H. fimbriata community, and their proximity to the lake edge (refer to Chapter 2
Methods). The mean percent change in H. fimbriata width was found to be significantly
different between zones for the 2000-2002 period (p=0.048) (Table 3.4). Width
decreased by an average of 4% at discharge sites, while a mean increase in width of 15%
was recorded at non-discharge sites (Figure 3.4).
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Table 3.4: Changes in vegetation and soil attributes between discharge and non-discharge FRINGING monitoring sites from
September 1998 to April 2002. (NB Degrees of freedom have been modified where variances were unequal at p<O.OS).
Standard errors are eiven in oarentb
~~-~-

Attribute
Total perennial cover
Total perennial abundance
H. fimbriata height·
H. fimbriata width
H. fimbriata health·
H. fimbriata cover
H. fimbriata abundance
Soil oH
Soil electrical conductivitv
Soil % particle size >2mm
Soil moisture

Seotember 1998 to Aoril2002
Mean % change for
Mean % change for
df
Non-discharge sites
Dischar e sites
-27.82 (12.6)
14
-2.33 17.6)
14
18.12 180.2)
56.51 33.3)
-11.65 (8.3)
-7.03 5.6)
8
11.38 (11.8)
3.89 (8.2)
8
-37.19 (7.9)
-26.93 (14.1)
8
-16.39 (18.7)
-36.72 (17.3)
8
65.44 (53.3)
-47.8 (36.4)
8
5.27 14.6)
-9.95 (2.1)
12.1
116.50 (38.5)
41.77 132.8)
14
15.83 165.9)
-78.13 18.2)
5.2
-82.37 (8.0)
-56.2 (9.7)
12
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It I

Prob

1.021
.514
.483
.539
.689
.752
1.562
3.013
1.329
1.414
2.101

.324
.615
.642
.605
.510
.474
.157
.011
.205
.215
.057

Mean % change for
Dischame sites
-1.32 16.3)
45.27 42.1)
2.36 3.3)
-4.12 3.3)
-21.22 (6.6)
-14.48 (16.9)
58.06 (69.1)
9.95 (0.7)
435.25 (179.5)
-72.4 17.6)

June 2000 to Aoril2002
Mean % change for
Non-dischame sites
-22.40 12.5\
18.95 79.1\
3.67 8.51
15.42 (9.2)
-4.99 114.3)
-25.27 (18.3)
-46.57 (30.4)
0.20 12.6)
118.50 161.8)
-72.4 11.1)

df

It I

Prob

14
14
8
8
8
8
8
12
8.6
8

.902
.324
.168
2.335
1.156
.422
1.166
4.136
1.669
.000

.382
;751
.870
.048
.281
.684
.277
.001
.131
1.000

I DO~

I Nn<i~ J

Figure 3.4: Mean and standard error of absolute values of H. jimbriata width at
'fringing' sites. The change in width between the discharge and non-discharge sites
was significantly different over the period 2000-2002 (p=.048).

3.4.2 Halosarcia halocnemoides (form a)
Mean cover of H halocnemoides (form a) increased in the discharge zone by 3.5-4%
and declined at non-discharge sites by l-2% over both time periods (Table 3.3). This
taxon increased in mean abundance by a greater amount at discharge sites (17-20%) than
at non-discharge sites (4.7-5.3%). Neither ofthese changes were significantly different.

Plants of H halocnemoides (form a) grew in mean height by between 0.5 and 6 em in
the discharge and non-discharge zone respectively over almost 4 years ( 1998-2002).
After the flooding event of2000, mean plant height decreased in the discharge zone by 2
em whi le mean height increased at non-discharge sites by l em. Again, neither of these
changes were statistically significant.
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Between 1998 and 2002, mean H. halocnemoides (form a) width, in absolute terms and
as a percentage of 1998 values, differed significantly between zones. Plants in the nondischarge zone grew by an average of 37 em (47%), while in the discharge zone plants
grew by an average of7 em (9% ). There was a significant difference in absolute values
(p=.025) and in percentage of 1998 values (p=.022; Table 3.3). This significant
difference was not found when this parameter was analysed using site averages (Table
3.2) rather than individual plant data.
No significant difference was found for mean plant health, though a decline over all sites
and both time periods was evident. Plant health declined by 30% in the discharge zone
for 1998-2002, and a mean decline of39.5% was recorded for 2000-2002. At nondischarge sites, mean health declined by 6% and 30% for 1998-2002 and 2000-2002
respectively.

3.4.3 Halosarcia pruinosa (rorm a)
H. pruinosa (form a) mean cover and abundance declined across non-discharge sites for

both time periods. After the flooding event of 2000, cover and abundance showed a
greater decline at non-discharge sites than at discharge sites, while abundance increased
by 5.5-7.5 plants per 50m2 at discharge sites (Table 3.3). These differences were not
statistically significant (p>.05).
Mean plant height, width and health of H. pruinosa (form a) declined across all sites and
both time periods. For all three parameters, the changes were greater at discharge sites.
Mean height decreased by 22%, mean width Jecreased by 30% and mean health
declined by 29% compared to declines of 0.03%, 7% and 20% respectively recorded at
non-discharge sites (Table 3.3). None of the changes to H. pruinosa (form a) were found
to be statistically significant (p>.05).
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3.5 Changes in soil parameters
3.5.1 Surface salt deposition
It was apparent from field observations that salt tended to crystallise at the lowest
elevations. This occurred at a very small scale with depressions created by the passage
of sheep and goats leaving small depression where salt tended to precipitate. Salt crusts
were present in a number of the inlet channels around Lake Austin including the one
shown in Figure 3.5.

Figure 3.5: Salt tended to accumulate at the lowest elevations including the inlet
channels. Lake Austin proper is to the left of the photo. (S. Vellekoop, 2002).
Observations made from the air in April 2002 show a visible salt deposit in an area
around the mouth of the discharge pipe of approximately 2 km radius (Figure 3.6). The
last recorded flooding event was in the late summer/ early autumn of 200 I, hence the
salt scald shown in the figure is the result of approximately 12 months of mine water
discharge.
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Figure 3.6: Evidence of surface salt on the lakebed surrounding the end of the
discharge pipeline in April 2002, as seen from an aircraft. The visible salt is approx.
2 km in diameter (S. Vellekoop, 2002).

3.5.2 Soil pH
The pH of the top lcm of the soil profile collected in the CEM monitoring sites and the
additional sites was expressed as a percentage of 1998 values. Mean soil pH changed
significantly between discharge and non-discharge sites over the period 1998-2002
(p= .006) and 2000-2002 (p=.OOl) (Table 3.5). Between 1998 and 2002, pH ofthe top 1
em of soil decreased in the discharge zone by on ly 2%, and decreased in the nondischarge zone by 10% (Figure 3.7). After the flooding event of2000 the mean pH of
the top 1 em of soil increased in the discharge zone by 5%, whi le at non-discharge sites
the mean soil pH decreased by 3% (Figure 3.7).

For the period 2000-2002, and analysing ' fringing' sites only, mean soil pH of the top 1
em increased by almost 10% at di scharge sites, and by on ly 0.2% at non-discharge sites
(p=0.001) (Figure 3.8).
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Table 3.5: Changes in soil attributes (top 1 em) between discharge and non-discharge monitoring sites from September 1998 to
April 2002. (NB Degrees of freedom have been modified where variances were unequal at p<O.OS). Standard errors are given
':heses.
* denotes
--·
----- o<.Ol.
--- ----- o<.OS
------ -- ** denotes

.

.

September 1998 to April 2002
Soil attribute

"
..c
"u"
.a-"0

Oil

June 2000 to April 2002

Discharge
sites

Non-discharge sites

df

It I

Prob

Discharge sites

Non-discharge sites

df

It I

Prob

pH

-0.249 (0.19)

-0.997 (0.13)

41

3.024

.004

0.396 (0.12)

-0.239 (0.51)

38

3.705

.001

Electrical conductivity
IuS/em)

7851.0 (3266)

15277.0 (7132)

27

.947

.352

8370.4 (3944)

12897.0 (6658)

38

.598

.553

Particle size >2mm (%)

-2.309 (0.56)

-1.003 (0.31)

33

2.033

.050

-1.415 (0.59)

-4.520 (2.00)

21

1.491

.151

Moisture content (%)

-9.262 (2.12)

-9.115 (2.67) .

39

.043

.966

-2.12 (2.5)

-10.85 (1.4)

41

2.874

.006

4.99 (1.5)

-2.78 (1.4)

38

3.679

.001

Electrical conductivity
(uS/em)

194.09 ( 46.6)

492.83 (162.5)

22.1

1.767

.091

231.62 (91.3)

215.63 (105.3)

38

.115

.909

Particle size >2mm (%)

-43.4 (15.1)

56.94 (77.8)

41

1.352

.184

-4.89 (22.6)

-52.01 (7.6)

20.8

1.978

.061

Moisture content (%)

-83.81 ( 4.2)

-23.75 (25.4)

20.1

2.328

.030

.

~

~

pH
~

"
'8"

"-"
u

"

"'"
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3.5.3 Soil moisture
T he mean change in soil moisture content differed significantly between discharge and
non-discharge sites over the period 1998-2002 (p=.03) (Table 3.5). This period coincides
with below average rainfall twelve months prior to the 2002 field trip. Soil moisture
decreased by 84% in the discharge zone but only by 24% in the non-discharge zone.

Sep-98

Jtn.OO

Apr-{)2

Monitoring period

[oOscharge

• Noo-discharge .

Figure 3.7: Mean absolute values and standard error of soil pH. The change in pH
between the discharge and non-discharge sites was significantly different over
1998-2002 and 2000-2002 (p=.006 & p=.OOl respectively).
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Figure 3.8: Mean absolute values and standard error of soil pH at ' fringing' sites.
The change in pH between the discharge and non-discharge sites was significantly
different over 2000-2002 (p=.OOl).

3.5.4 Soil electrical conductivity
Changes to mean soil electrical conductivity between discharge and non-discharge sites
were analysed at all sites, and in the 'fringing' H fimbriata community sites. No
statistically significant differences were found (p>.05). For the period 1998-2002, mean
soil electrical conductivity increased by 195% at di scharge sites, compared to an
increase of almost 500% at non-discharge sites (Table 3.5). However, for the same time
period but looking at 'fringing' sites on ly, mean electrical conductivity increased more
at discharge sites than at non-discharge sites (116% and 42% respectively) (Tab le 3.4 ).
The 500% increase reflects the extremely high change in absolute terms for electrical
conductivity in 2002 at two non-discharge sites: 5-3 and 5-4 (911% and 407%
respectively). These sites were located along an inlet channel in a vegetation community
type dominated by H pruinosa (form a) and Sclerostegia tenuis. Because these two sites
were considered geomorphologically and fl oristically distinct from the ' fringing ' sites
41

where H.fimbriata occurred, they were excluded from the ' fringing sites' data set.
Hence, the change in electrical conductivity at ' fringing' sites was different to that found
over all sites.

Differences in mean electrical conductivity between discharge and non-discharge sites
did not change significantly over time. However, when viewing values of electrical
conductivity recorded in 2002, a spatial pattern becomes apparent. There appears to be
more sites with higher values of electrical conductivity near the discharge pipe, than
further from the discharge pipe (Figure 3.9).
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Figure 3.9: Soil electrical conductivity values at 'fringing' sites in April 2002.
Aerial photo taken September 1997. (Image courtesy of Harmony Gold BBGO).
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3.6 Correlation of plant and soil parameters
Absolute values of plant and soil parameters recorded in 2002 were analysed using
Pearson's Correlation to determine whether variables were related to each other.
Analysis was performed on site averages for all sites together, and on the 'fringing' sites
data set.

Using means from all sites, a number of statistically significant relationships were
found. Plant height and width showed a strong positive colTelation to each other
(Pearson's correlation=0.859, p<.Ol) and soil electrical conductivity was moderately
related to soil pH (Pearson's correlation=0.607, p<.Ol). Plant height and width were

negatively correlated with soil pH, electrical conductivity and moisture content,
although the associations were only moderate (Table 3.6).

At 'fringing' sites, a moderate positive correlation was found between plant height and
width (Pearson's correlation=0.757, p<.Ol), and soil pH was correlated with soil
electrical conductivity (Pearson's correlation=0.767, p<.Ol). Plant width and soil pH
were negatively correlated but the relationship was weak (Pearson's correlation=-0.372,
p<.05) (Table 3.7).
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Table 3.6: Pearson's Correlation of plant and soil parameters using site averages of
2002 vaIues. (** d enot es p<. 01 * d eno tes p<. OS)

.

Plant parameter
Height
~
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Height
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Width
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Density

pH
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Particle
size

Moisture
content

.859**

.010
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-.448*

-.584*
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-.377**
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Table 3.7: Pearson's Correlation of plant and soil parameters using 'fringing' site
avera~es o f 2002 va Iues. (** d eno t es p<. 01 * d eno t es p<. OS) .
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.237
.237

3.7 Soil seed bank inundation trial
3. 7.1 Treatment water physicochemistry
Soil samples in the glasshouse experiment were inundated by treatment water for a

period of 63 days (3/6/02 to 6/8/02). However, as final readings for temperature, pH and
electrical conductivity werr. made on 24/7/02 values presented in this section and in
Figures 3.9-3.11 cover a period of 50 days.

When the treatment water was applied to each replicate salts present in the soil samples
dissolved into the treatment water increasing the electrical conductivity of the treatment
water. After treatment applications, the electrical conductivity of the freshest treatment
was approximately 50 mS/cm. Water leaked from two DWO replicates and treatment
water had to be reapplied once the leaky boxes were replaced. The subsequent electrical
conductivity of these two replicates was almost zero mS/cm, as much of the dissolved
salt had been lost with the leaking of the water. This difference in electrical conductivity
between replicates is reflected in the higher standard errors for this treatment (Figure
3.10).

The electrical conductivity and pH of the four treatments increased over 50 days (Figure
3.10). The most saline treatment (DWlOO) increased from a mean of 117.6 mS/cm to
156.1 mS/cm (an increase of33%). Fin;J.l electrical conductivity readings for DWSO,
DW25 and DWO were 120.3, 80.9 and 26.8 mS/cm respectively (Figure 3.10). Mean pH
of the tre&.tment water increased across all treatments during the period of inundation
(Figure 3.11). The mean pH range over all treatments was 7.94 to 8.85. The temperature
of the treatments generally reflected the ambient temperature inside the glasshouse at the
time of measurement and fluctuated quite widely (Figure 3.12). A minimum of 14.5~
15°C was experienced on 17/7/02 and a maximum of 28.3-29.7'C on 22/7/02
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Figure 3.10: Average electrical conductivity and standard error (error bars) of the
four treatments between 3/6/02 and 24/7/02. Values are means of four replicates.
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Figure 3.11: Average pH and standard error (error bars) of the four treatments
between 3/6/02 and 24/7/02. Values are means of four replicates.
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Figure 3.12: Average temperature and standard error (error bars) of the four
treatments between 3/6/02 and 24/7/02. Values are means of four replicates.

3.7.2 Emergent aquatic fauna and flora
3.7.2.1 Fauna
Nine days after the soil samples were inundated two genera of water fleas (Order
Cladocera) emerged from the sediment in the DW0-1 and DW0-3 replicates on 12/6/02.
After 14 days, shield shrimp (Order Notastracan) were recorded in replicates DW0-2 and
DW0-4 and two genera of fairy shrimp (Order Anostraca: Branchinella and Parartemia)
emerged in replicates DW25-3 and DW25-4. On day 48, juvenile (1-2 mm)

Branchinella and Parartemia were abundant in DW25-1 and DW25-4.

No aquatic fauna emerged in the treatments of higher salt concentrations (DW50 &
DWlOO).

3.7.2.2 Flora
After 35 days, a mat of macro algae had developed on soil samples from site A15
(replicates DW0-1, DWO- 2, DW0-3 and DW25-1) and from site A2 in replicate DWO47

1. Plants of i.he aquatic angiosperm Ruppia had grown in both the DWO and DW25

tre:.tments. In the two saltier replicates (DW0-1 and DW0-3) 9 out of 10 soil samples
had Ruppia plants. The fresher replicates of DWO had pieces of Ruppia grass floating on
the water surface, and it appeared that the shield shrimp (Order Notastracan) were
consuming the Ruppia and preventing the growth observed in the other two replicates
DW0-1 and DW0-3.
The water levels in the treatment boxes fell by a mean of 48 mm over a period of 50
days. This is equivalent to an evaporation rate of approximately 152 mL per day. The
water level was on average 20 mm above the surface of the soil samples at the end of the
inundation experiment (6/8/02). There was insufficient time to wait for evaporation to
bring water levels to below the soil surface and monitor seedling emergence over a long
enough time period, so the water levels were purposely lowered on 6/8/02 allowing the
seedling emergence phase of the experiment to commence.

3.7.3 Seedling emergence

The water level was purposely lowered on 6 August 2002 to simulate the subsidence of
floodwaters below the surface of the soil samples. Seedling emergence only occurred in
the freshest treatment (DWO). The first halophyte seedlings emerged 3 days after the
water level was lowered. The greatest number of seedlings emerged from the DW0-2
replicate, which together with DW0-4 had the lowest final electrical conductivity (Table
3.8). The high mean emergence value for DW0-2 was influenced by the soil sample
from site A2, which had 31 seedlings emerge over a period of 22 days (15/8/02 to
6/9/02) (Figure 3.13). There was no statistically significant difference found in the
number of seedlings that emerged between soil samples from discharge and nondischarge sites (Figure 3.14). One seedling emerged in the irrigated control.
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Table 3.8: Final electrical conductivity readings, total and mean number of
I'
. t ed con tro.
I
germmants ofDWO replicates
and.trnga
Treatment
DW0-1
DW0-2
DW0-3
DW0-4
Irrigated control

Electrical conductivity
(mS/cm)
42.8
3.4
57.9
3.2
na

Total
25
46
25
17
1

Number of germinants
Mean (standard error)
5.0 (1.22)
7.7 (4.7
3.6 (0.9
2.8 (0.7
0.1 (0)
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Figure 3.13: Mean number of seedlings per punnet that emerged for each replicate
of treatment DWO (zero percent discharge water). Standard error bars shown.
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CHAPTER 4- DISCUSSION
The first aim to be addressed in this study was an assessment of whether discharge of
hypersaline mine water to Lake Austin was having an impact on the fringing vegetation.
It was expected that an impact would result in differences in the way vegetation

parameters changed at discharge sites compared to non-discharge sites, from their pre-

impaCt condition to the present. If changes in the vegetation were significantly different,
an impact might be able to be inferred. Whether that impact was caused by the discharge

water or some other environmental difference that was acting preferentially in one zone
would then require further investigation.
Overall, there were very few significant differences in the way both vegetation and soil
parameters changed between discharge and

non~discharge

sites over 1998~2002 or 2000-

2002. However, a number of soil changes were interesting and may lend support to the
idea that the discharge water has resulted in a change in soil characteristics. Two-way
ANOVA analysis showed that soil pH changed between discharge and non-discharge
sites differently over time. Soil pH increased in the discharge zone between 1998 and
2002, and decreased at non-discharge 'fringing' sites. Pearson's correlation showed thP.t
soil pH and electrical conductivity were positively and strongly related at 'fringing'
sites. While the large variability in the electrical conductivity data may have contributed
to no significant differences being found between discharge and non-discharge
'fringing' sites, when the data was presented geographically electrical conductivity
values were higher near the discharge pipe. It may be suggested, then, that the addition
of salts by the hypersaline discharge water has led to changes in soil conditions near the
discharge pipe that is reflected in the changes in soil pH and possible also in soil salinity.
The possibility of natural environmental disturbance causing this difference between
discharge and non-discharge zones can discount as unlikely.

There were only two instances of a vegetation parameter changing significantly between
zones over time. Halosarcia halocnemoides (form a) showed a greater increase in width
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at sites further from the discharge pipe between 1998 and 2002. The community
dominated by H. halocnemoides (form a) is found on the primary dune system
surrounding the lakebed. At this elevation the vegetation community does not come into
direct contact with the discharge water and so it is difficult to attribute this change to the
discharge water itself. It is difficult to explain why this difference in growth was
detected. There may be other natural or perhaps grazing disturbances influencing the
way in which the width of this taxon has changed between the two zones investigated.
The difference in change to H. fimbriata width between 2000 and 2002 was significant
at p=.048. The closeness of the p value to the 0.05 cut-off value and the fact that no
other parameters of H. fimbriata or of any other species showed a significant difference
between locations over time suggests that the vegetation has not been affected by the
discharge water.
There are a number of possibilities to explain why no impact has been detected in
changes to the measured vegetation parameters. Firstly, the fringing vegetation
community consists of salt tolerant species. It could be that these species are tolerant to
the high levels of salinity found in the soil, and even if the discharge water is changing
the soil salinity, it is not being changed so much that plants are declining in health or
dying as a result of the discharge.
It is possible that impacts from the disposal of hypersaline mine water to the lake are yet

to arise. While there is not a great deal of literature on the life stages of Halosarcia, it is
likely that taxa of this genus are very slow growing, and hence may also be slow to
respond to environmental changes. However, it was expected that the most sensitive part
of the life cycle would be the germination and seedling stage based on studies that
suggest halophytes require relatively fresher water for germination (Clarke and Hannon,
1970; Sharma, 1982; Badger and Ungar, 1994; Keiffer and Ungar, 1997; Katembe eta/.,
1998; Egan and Ungar, 1999). A Western Australian study of several Halosarcia species
showed that the germination of seed requires a period of lowered soil water salinity
(English, et a/, 2002).
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The glasshouse experiment showed that germination only oct:urred after inundation by
the least saline of the treatment waters. A treatment using 251)!~ discharge water had final
electrical conductivity readings less than that of the discharge W'Jter, yet no germination
occurred in this treatment. The highest salinity that still yielr.:led germinates was much
less saline than the discharge water itself, so there is scope for the germination and
seedling stage of Halosarcia species to be adversely affected if the soil water salinity is
increased.

Direct inundation by hypersaline discharge water may be one way in which soil water
salinity increases. Secondly, the cumulative deposition of salt from the evaporation of
discharge water could raise the soil salinity in the immediate surrounding area. The
likelihood of either of these events occurring and at a magnitude great enough to affect
seed germination and the recruitment processes of Halosarcia is unknown.

There was no significant difference found in plant abundance in the field between
discharge and non-discharge sites, and no significant difference was found between
zones for seed germination in the glasshouse experiment. This suggests that either
deposition of salt from the discharge pipe has not yet affected the soil seed bank,
amounts of deposited salt are not great enough to affect the soil seed bank, or differences
were not detected due to the lack of statistical power. The effect of floodwater needs to
be considered here, as flooding is likely to mobilise soil-stored salt, effectively
homogenising salt concentrations over a large area. Despite this, there is still potential
for differences to arise through soil changes before the flood occurs, and subsequent
discharge close to fringing vegetation after a flood.

Another reason to explain why an impact on the vegetation was not detected is to do
with sampling intensity. With the high spatial variability exhibited by most parameters,
the number of sites monitored may have been too low to detect differences. This theory
is supported by the very few significant differences detected, and the low observed
power when undertaking two-way ANOVA and t-tests of sites averages.
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The observed power of the statistical tests was in most cases very low, indicating that
there was a high probability of failing to detect a significant difference if one was there
(Table 3.1). Again, the level of sampling intensity is likely to be responsible for this
outcome. Power tests were conducted using a web~based calculator (UCLA Department
of Statistics, 2002) to retrospectively determine the sampling effort required to give an
observed power of at least 0.8, which is an 80% probability that a significant difference,
if indeed there is one, will be detected (Table 4.1 ).

Table 4.1: Sampling effort required (number of sites) in the experimental design to
eive
· an observed1 power o r at least 0.8 ~or three selectc d~ parameters.
Sampling effort required to achieve Powcr=0.8

Parameter(% change)

Discharge sites

Non-discharge sites

Soil electrical conductivity at 'fringing' sites

33

27

H. fimbria/a health at 'fringing' sites 1998-2002

65

ll2

H, fimbriata health at 'fringing'

20

38

site~

2000-2002

The CEM monitoring program only had -5 sites in each zone, therefore a massive
increase in sampling effort is required to ailow confidence in the results obtained. It is
difficult to determine how many sites are required a priori without a pilot study.ln the
case of discharges of mine water to the environment, pilot studies are not feasible for
two reasons. First, it is not desirable to purposely dispose of mine water to the
environment simply for the purposes of a pilot study. Secondly, a monitoring program
assesses how parameters have changed over time to determine if an impact has occurred
(BACI design). A pilot study would have to include a baseline survey plus a post~impact
or during-impact survey to accumulate two sets of data to enable values of change to be
calculated.
The second aim of this study was to investigate and describe the vegetation dynamics of
Lake Austin. For this purpose, differences between discharge and non-discharge sites
were not of importance, but the overall trends amongst vegetation communities were of
interest It was fortunate that the monitoring period coincided with a flood/drought cycle
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between 1998 and 2002, as it bas enabled this study to examine how the vegetation
responds to a major natural disturbance event.
Generally, the tagged plants of all species monitored for the CEM monitoring program
declined in health over the survey period. There was no marked increase in size over the
survey period. Halosarcia pruinosa showed a declining trend in almost every aspect
(size, health, cover and abundance) over the survey period. Given the lack of knowledge
about how fast Halosarcia and Sclerostegia species grow, it is difficult to speculate
whether or not this lack of growth is 'normal'. The decline in health and slow growth
does coincide with a period of drought over recent months. Above average rainfall in
late 1999/ early 2000 was followed by 17 out of 23 months of below average or no
rainfall.
The season and amount of rainfall influenced thf! species composition in the vegetation
at Lake Austin. The grasses found in June 2000 appear to be common after summer and
autumn rains, and the daisies recorded in September 1998 are associated with winter
rainfall events (Rice and Westoby, 1983; Aronson and Shmida,1992). The absence of
annuals and short-lived species in 2002 may reflect the drought conditions experienced
at this time. Over all the vegetation communities, cover changed only slightly and
abundance increased after the flooding event of 2000.
There were profound changes in the physical environment over the monitoring period.
Soil pH and electrical conductivity declined at all sites during 2000 when the lake was
filled from above average rainfall in the previous months. As the water receded and the
lake dried out soil pH and electrical conductivity increased over all sites as salts became
concentrated in the soil. Despite the flushing and diluting effect of both floodwater and
surface water flow from rainfall events, soil electrical conductivity still increased overall
between 1998 and 2002.
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The filling and drying of Lake Austin has been a major disturbance event for the
vegetation, particularly the fringing H. fimbriata community. Changes in the structure of
this community appear to be linked to this disturbance.
While the Halosarcia genus is known for being salt and waterlogging tolerant (English,

eta/, 2002; Short and Colmer, 1999), it is unclear where the boundaries to these
tolerances lie for the vegetation found at Lake Austin. Individuals of H. fimbriata were
partially or even completely submerged by water in 2000. In 2002, some were found
alive and recovering while others appeared to have succumbed to the extn:me physical
conditions and had died. The decline in cover observed for this species could be
attributed to these deaths. The decline in health can also be linked to smothering by
aquatic plants that acted as an additional disturbance brought about by the flooding
event.

H. fimbriata seems to rely on flooding events to initiate seed germination and
recruitment. While some individuals of H. fimbriata had not been able to withstand the
extreme conditions pre~ented by the flooding event, the disturbance appeared to coincide
with a recruitment event and the establishment of masses of seedlings. Whereas at other
monitoring times no recent germinates were measured in plots or generally observed
(van Etten eta/., 2000). Similar findings were made in a study on H. pergranulata
subsp. pergranulata at Lake Hannan near Kalgoorlie (English, et al, 2002). H.

pergranulata subsp. pergro.nulata can be considered an ecological analogue to H.
fimbriata as it occupies the same niche at the edge of a saline wetland. English et al.
(2002) found that seedling densities were influenced by frequency and timing of
inundation, changes in soil water salinity, and soil water content.
The glasshouse experiment conrlncted in this study also suggests a germination
requirement by H. fimbriata for inundation rather than just irrigation by water such as
would occur by regular rainfall. Seeds germinated in soil that was flooded with the
freshest treatments, while soil samples irrigated by the glasshouse irrigation system
showed a much lower rate of seed bank germination.
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There was great spatial variability of H. fimbriata seedlings and a number of cohorts
were observed in the field. More smaller plants were observed to have died due to
inundation by floodwater in 2000 than larger plants (van Etten, et al, 2000). English et

al. {2002) have shown that flooding frequency and intensity affects cohort development
of H. pergranulata subsp. pergranulata. Slight differences in soil texture and elevation
(of millimetres or perhaps centimetres) appeared to be linked to the location of masses
of seedlings at Lake Austin, although these factors were not tested for.
Flooding of this saline wetland system has a profound impact on the dynamics of the
fringing vegetation. Flooding appears to stimulate recruitment of new individuals. A
direct flow-on effect of this is that the boundary of the H. fimbriata community, or how
far the community extends onto the lake bed, is likely to be quite dynamic and also
dependent on and strongly influenced by t:r-e frequency, depth and duration of flooding
events. Factors such as slope and topography at a micro-site scale are also likely to
influence the extent of this community. The longer the time period to the next flood, the
more time seedlings will have had to grow and hence their ability to survive inundation
will have increased. Similarly, their position on a slope will influence the depth of
inundation and will also affect their ability to survive inundation. Other factors that are
likely to determine the spatial range of this community include ground water availability
and intraspecific competition: two elements not investigated in this study.
This study has improved our understanding of some of the aspects of H. fimbriata
vegetation dynamics in relation to a natural disturbance event, in this case inundation by
floodwater.
Further research into the dynamics of the H. fimbriata community is warranted. An
increased understanding of the vegetation dynamics of fringing communities of salt
lakes is vital if impacts upon this ecosystem are to be fully understood. Monitoring of
the vegetation to assess whether its 'health' is being affected by mine water discharge, as
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required by the Department of Environmental Protection, would be more useful if
vegetation dynamics were better understood.
Salt lakes are being increasingly used for mine water disposal, and there has been a lack
of attention paid to salt lake vegetation in the past. It is therefore worth conducting
further research into these ecosystems to ensure that unique community types are not
lost through anthropocentric impacts being allowed to continue because ecosys~em
processes are not fully understood.
Possible research areas include investigations into seedling survival of fringing
vegetation species such as Halosarcia fimbriata with reference to flood frequency,
duration and depth. Also, the effect of groundwater availability, slope, soil
physicochemistry, and intraspecific competition on H. fimbriata or analogous fringing
species is also worth considering

Management Implications
There are three main implications for environmental management that have arisen from
this study. Firstly, in order to be confident that significant changes in the vegetation
community at Lake Austin can be detected, the sampling effort needs to be increased.
Based on this study, approximately 30 sites in the each zone need to be sampled for soil
parameters, and 50 sites need to be sampled in each zone for vegetation parameters in
order to achieve a level of statistical power great enough to allow confidence in the
results. In particular, the mine operator and the Department of Environmental Protection
as the regulating body would benefit from this change to the sampling regime.
The second implication for environmental managers has to do with understanding how
discharges of mine water to the environment can affect the fringing vegetation of saline
wetland systems. Only through understanding the vegetation dynamics and particularly
the important recruitment process, can potential impacts be better predicted and
strategies for impact avoidance and minimisation made.
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Finally, a simple way to avoid impacts on the vegetation communities of salt lakes is to
ensure that mine water discharge can not come into contact with vegetation. At Lake
Austin, the extension of the discharge pipe 900 metres onto the lakebed is ideal.
Although the movement of the pipe during early 2001 shows that the pipe needs to be
secured adequately to prevent floodwaters from moving the pipe around. The use of
'guy' ropes, attaching the pipe to land at more than one position can allow the pipe to
float at times when the lake has surface water.
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-------- -----·- ---Date

pH

14-Apr-00
5-Jul-00
7-Jan-01
14-Jan-01
1-Feb-01
19-Apr-01
16-Aug-01
13-Nov-01
14-Feb-02
22-May-02

6.85
7.20
7.20
7.25
7.50
7.10
7.15
7.00
7.20
6.70

-- --- ------ - .. ----

EC
uS/em
126000
125700
118000
116000
120000
120000
122000
104000
112000
128000

TDS

I

Mg

-- ----

Na

I

K

--- ---- -- -·-Ca

I

C/

---- --- --~-

C03 HCOs

S04

-- --------- -- ---- ----- - ---/.
Pb
Cu
Zn I Mn
As I Fe

Cd

Si

F

NOs I N02

mg/L

181000
120000
108000
106000
110000
110000
120000
104000
119000
98000

265
4100
6200
4000
4200
3800
3800
3600
3800
4730

29000
33000
28000
31000
33000
28000
33000
25000
29000
36000

950
970
710
750
770
750
510
460
670
1020

740
640
830
890
820
860
720
770
903

54000
59000
51000
51000
51000
52000
47000
50000
48000

<1
<1
<1
<1
<1
<1
<1
<1
<2'

24
250
250
250
250
240
200
220
201

16000
16000 <0.001
<0.001
18000 <0.001
12000 <0.001
1000 <0.001
12000 <0.001
6300 <0.001
13000 <0.001
<0.050

0.11 0.51
0.1
2.2 <0.001 9
100
0.13 0.07 0.7 <0.001 0.08
0.2 120 <0.1
4
0.02 <0.01 0.44 <0.001 <0.01 <0.001 15 0.2
<0.01 0.07 0.33 <0.001 0.3 <0.001 15 0.2 68 <0.1
0.03 0.05 0.47 <0.001 0.36 <0.001 15 0.2 . 91 <0.1
0.06 0.06 0.61 <0.001 0.12 <0.001 14
85 <0.1
0.3
0.1 <0.001 0.1
0.03 20 0.2 38 <0.1
0.1
<0.1
0.7 0.6 <0.001 <0.1 <0.001 <20 <0.1 62 <0.1
0.07 0.073
0.59 <0.050 9.3

